ABSTRACT The longicorn beetles Leptura arcuata Panzer and Leptura aethiops Poda (Coleoptera: Cerambycidae) are predominant pollination beetles in Eurasia and North America. To further elucidate the mechanism of mate and host location, the type, number, and distribution of antennal sensilla of both species of the longicorn beetles were studied using scanning electron microscopy. The Þliform antennae of both sexes of the both species consist of the scape, pedicel, and nine ßagellomeres. Based on their morphology, three types of sensilla chaetica, one type of sensilla trichodea, four types of sensilla basiconica, and Bö hm bristles were distinguished on the antennae in both sexes. No signiÞcant sexual differences in the types, numbers, and distribution of the antennal sensilla were found on the antennae, except for the number of sensilla basiconica type 2. The average number of sensilla basiconica type 2 on the antennae of the males was signiÞcant greater than that on the antennae of the females. Based on the ultrastructure we postulated that this type of sensillum on the male beetleÕs antennae should be responsible for the reception of the sex pheromone produced by the female beetle. The putative functions of other sensillar types also are discussed with reference to their morphology, distribution, and ultrastructure.
Pollinating insects play a critical role in reproduction of many plant species. Beetles of many species commonly visit ßowers when they feed on nectar and pollen (Faegri and Van der Pijl 1979) . Beetles are efÞcient and abundant pollinators (Kevan and Baker 1983 , Sakai et al. 1999 , Gibernau et al. 1999 , Corlett 2004 , Kato et al. 2008 . Longicorn beetles are one of the most important pollinators in coleopteran species. Leptura arcuata Panzer and Leptura aethiops Poda (Coleoptera: Cerambycidae) are predominant pollinators in Eurasia and North America (Lawrence 1982) . But information on mate and host Þnding mechanisms of the two species is lacking.
Abundant information is available on the role of chemicals in mate and host location by longicorn beetles (Iwabuchi et al. 1987 , Leal et al. 1995 , Hanks 1999 , Ginzel et al. 2003 , Zhang et al. 2003 , Lacey et al. 2004 , Wang and Chen 2005 , Yasui et al. 2008 . Some information is also available on mate-Þnding behavior by visual cues in several longicorn beetles (Wang 2002; Fukaya et al. 2004 Fukaya et al. , 2005 . However, these studies mainly focused on behavioral, electrophysiological, and morphological investigations of cerambycid beetles. Mechanisms underling mate location and recognition are still unknown for most longicorn beetles. Research on cerambycid mating behavior has indicated the importance of antennae in mate location and recognition. Numerous studies have characterized antennal sensilla of various insects (Zacharuk 1980 , Keil and Steinbrecht 1984 , Städler 1984 , Bland 1989 , Pathipati and Kiyoshi 2001 , Broeckling and Salom 2003 , Castrejon Gó mez and Carrasco 2008 , whereas very few such studies have focused on Cerambycidae (Dyer and Seabrook 1975 , Dai and Honda 1990 , Lopes et al. 2002 , Crook et al. 2003 , Sun et al. 2010 .
Insect antennae play important roles in various behaviors, including habitat searching, host location, discrimination, courtship, and mating behavior (Schneider 1964) . Antennae of insects contain sensory sensilla that function in detection of various stimuli involved in host habitat and mate location (Chapman 1998) . As part of our ongoing research on interspecies competition and mate and host location mechanisms between L. arcuata and L. aethiops, we characterized and determined the abundance and distribution of the antennal sensilla of these two species by using scanning electron microscopy (SEM) techniques. This work is a prerequisite for future electrophysiological studies of the antennal sensory system involved in chemical communication.
General Structure of Antennae. Antennae of both sexes of L. arcuata and L. aethiops are morphologically similar. The Þliform antennae were of the conventional type comprised of a basal scape, pedicel, and a long ßagellum, which was composed of nine ßagel-lomeres. Although the body size of the female adults is larger than the males, male adults bear much longer antennae than the females. Measurements of antennal segments are given in Table 1 .
Types of Sensilla. Based on their morphology, three types of sensilla chaetica (SC1Ð3), four types of sensilla basiconica (SB1Ð 4), one type of sensilla trichodea (ST), and Bö hm bristles (BB) were distinguished on the antennae in both sexes. Characteristic morphological features of antennal sensilla of L. arcuata and L. aethiops are summarized in Table 2 . The sensillar counts were made from both dorsal and ventral sides.
SC1. The SC1 are long sickle-shaped strong bristles with longitudinal grooves accumulating toward the tip; they are located in an open articulating socket (Figs. 1A and B and 5A and B) . These sensilla lie parallel to the surface and point toward the tip of the antenna. They cover the scape, pedicel, and the Þrst SC2. SC2 are located dorsally and laterally on the distal edges of the ßagellomere, and overlapped the proximal part of succeeding ßagellomere. They are absent from the scape and pedicel. These sickleshaped sensilla have deep longitudinal grooves and taper toward the tip to a point (Figs. 1C and D and 5C and D) . The sensilla are very stout hairs with blunt tips, 163.5 Ϯ 5.7 m in length and 12.7 Ϯ 1.2 m diameter at the base.
SC3. SC3 are similar to the SC1 and SC2; however, they are much smaller in dimensions and also bear longitudinal grooves (57.8 Ϯ 4.4 m in length, 4.3 Ϯ 0.2 m in basal diameter; Figs. 2A and B and 6A and B) . They are located along the entire length of the scape, pedicel, and ßagellomeres.
SB1. SB1 are straight, blunt-tipped smooth-walled pegs without longitudinal grooves, emerging from a slightly raised base without articulating socket and are oriented perpendicularly to the antennal surface (Figs. 3A and 7A). They are 8.2 Ϯ 0.4 m in length and 2.3 Ϯ 0.1 m in width at the base. They are situated as a dense group close to the distal part of the ventral border on the Þrst to eighth ßagellomeres, on the distal part of the ventral surface of the ninth ßagellomere, Measurements (mean Ϯ SEM) obtained from a total of 20 sensilla per type from antennae of males and females (10 per sex). SC1, sensilla chaetica 1; SC2, sensilla chaetica 2; SC3, sensilla chaetica 3; ST, sensilla trichodea; SB1, sensilla basiconica 1; SB2, sensilla basiconica 2; SB3, sensilla basiconica 3; SB4, sensilla basiconica 4; BB, Bö hm bristles. and individually elsewhere (Fig. 4A) . The cuticular wall of SB1 is perforated by pores irregularly distributed along its length (Figs. 3B and 7B) .
SB2. SB2 are thinner and in most cases longer than SB1. Similarly, these almost straight smooth-walled blunt-tipped slender pegs are distributed on the ßa-gellum surface with uniform density (Figs. 3C and 7C) . They are arranged perpendicularly to the antennal surface and have a mean length 12.5 Ϯ 0.7 m and basal diameter 2.0 Ϯ 0.2 m. The cuticular wall of SB2 also has numerous pores (Figs. 3D and 7D).
SB3. SB three are rare measuring 6.1 Ϯ 0.3 m in length. TheyÕre sharp-tipped pegs with basal diameters of 1.6 Ϯ 0.3 m and possess longitudinal grooves distally without pores (Figs. 4B and C and 8A and B) . They are typically inserted into a small dome, bear no articulating socket, and are oriented perpendicularly to the antennal surface. They are situated on the ventral surface of the third to ninth ßagellomeres.
SB4. The SB4 are very tiny and stout cones (3.7 Ϯ 0.5 m in length; 2.5 Ϯ 0.2 m basal diameter) and when viewed at high magniÞcation their wall is smooth with no pores or grooves on the surface (Figs. 4D and E and 8C and D) . As the tip of some cones only barely reaches above the level of the socket, these sensilla resemble sensilla campaniformia. They can only be found on the Þrst ßagellomere.
ST. The ST are stout, straight or slightly curved, blunt-tapered hairs with longitudinal grooves that gradually become faint toward their tip (Figs. 2C and 6C). They are inserted into a well-developed, ßexible socket. They project perpendicularly to the antennal surface. They are distributed throughout the ßagellum measuring 73.8 Ϯ 9.4 m and 4.4 Ϯ 0.2 m in length and basal diameter.
BB. The BB are 17.7 Ϯ 1.9-m-long straight pegs with a sharp tip occurring in a dense group on the intersegmental joints between the scape and the head and between the scape and the pedicel of female and male of L. arcuata and L. aethiops (Figs. 2D and 6D) . BB are located in a very wide cuticular socket and are surrounded by a shallow depression with smooth cuticles (Figs. 2E and 6E) .
Abundance and Distribution of Antennal Sensilla. The types and lengths of each antennal sensillum type are recorded in Tables 1 and 2 . The total numbers and distribution patterns of sensilla on the antennomeres of L. arcuata and L. aethiops are recorded in Tables 3Ð 6. The distribution patterns of sensilla on the antennae of both sexes of the longicorn beetles are similar. SC3 and SB2 are more abundant than the other types of sensilla on the antennae. The number of SB2 is signiÞcantly higher on the antennae of males compared with the females. SC1 are located on the scape, pedicel, and Þrst four ßagellomeres. SC2, SB2, and SB3 are absent from the scape and pedicel. SC3 and ST are distributed throughout the antennae. Three subtypes of sensilla basiconica are located on the antennal ßa-gellum. SB4 only occur on the Þrst ßagellomere. 
Discussion
The various types of sensilla and their distribution on the antennae of male and female L. arcuata and L. aethiops as revealed in this study were similar with those reported for other coleopteran insect species (Jourdan et al. 1995 , Merivee et al. 1998 , Hu et al. 2009 ). The antennae of insect have been typically described as consisting of three segments: the scape, pedicel, and ßagellum (Chapman 1998) . Our study revealed nine morphologically different types of sensilla on the antennae of male and female of L. arcuata and L. aethiops, similar to those described for other longicorn beetles (Dai and Honda 1990, Crook et al. 2003) .
Shorter or longer blunt-tipped hairs that do not articulate at their base, such as ST in L. arcuata and L. aethiops, occur abundantly on the antennae of many wasps and beetles (Merivee et al. 1999 , Bleeker et al. 2004 , Lopes et al. 2005 , Onagbola and Fadamiro 2008 . In wasps, it has been shown that these sensilla bear functions such as mechanoreceptors, olfactory receptors, proprioceptors, and sex pheromone receptors (Hansson et al. 1991 , Amornsak et al. 1998 , Bleeker et al. 2004 . Sensilla trichodea have traditionally been thought of as the contact chemoreceptors (Schneider 1964) . They have been reported to perform either or both mechano-and chemosensory functions, based on their internal structure (Daly and Ryan 1979 , Hallberg 1982 , Jourdan et al. 1995 . Bioassay experiments of the mating behavior on Phoracantha semipunctata (F.) demonstrated that sensilla trichodea served as a contact chemoreceptor (Lopes et al. 2005) . The function of ST is also thought to be chemoreceptors in L. arcuata and L. aethiops (Zacharuk 1985) .
SC1 resemble the "trichoid type 3 sensilla" Nebria brevicollis (F.) (Daly and Ryan 1979) , "sensilla chaetica type I" in the Psacothea hilaris (Pascoe) (Dai and Honda 1990) , "sensilla trichodea type 2" in Carabus fiduciarius saishutoicus Csiki (Kim and Yamasaki 1996) , "sensilla chaetica type 3" in Bembidion lampros (Herbst) (Merivee et al. 2000) , and "sensilla chaetica type 4" in Platynus dorsalis (Pontoppidan) (Merivee et al. 2001) . In Monochamus notatus (Drury) and Monochamus scutellatus (Say), they can be considered as the receptors responding to sound, wind, or touch (Dyer and Seabrook 1975) . SC1 lack pores and protrude above all other sensilla, so they also are presumed to function as mechanoreceptor in L. arcuata and L. aethiops (Altner and Prillinger 1980) . Large articulated bristles with blunt tip, SC2 in L. arcuata and L. aethiops seem to be identical with the "trichoid type 2 sensilla" in N. brevicollis (Daly and Ryan 1979) , "sensilla chaetica type II" in P. hilaris (Dai and Honda 1990) , "bristle type 1" in the cigarette beetle, Lasioderma serricorne (F.) (Okada et al. 1992) , "sensilla trichodea type 3" in the ground beetle C. f. saishutoicus (Kim and Yamasaki 1996) , "sensilla chaetica type 2" in B. lampros (Merivee et al. 2000) , and "sensilla chaetica type 2" in P. dorsalis ( Merivee et al. 2001) . Although the longicorn beetles are able to rotate the antennae 180Њ, the general downward facing curvature of the antennae is always retained. SC2 found on the distal edges of each segment seem to help retain the curved shape of the antennae. Their location at the segment junctions suggested a role for these sensilla in mechanoreception. Sensilla chaetica have Þve neurons, one of which terminates in the tubular body, and the others are unbranched in the hair in N. brevicollis. Therefore, these sensilla were inferred to function as mechanoreceptor and contact chemoreceptor (Daly and Ryan 1979) .
Large sickle-shaped bristles with pointed tips, similar to SC3 of L. arcuata and L. aethiops, are common on the antennae of many beetles. These sensilla resemble the "trichoid type 1 sensilla," "sensilla chaetica type III," "sensilla trichodea type 1," "sensilla chaetica type 1," and "sensilla chaetica type 1" in the N. brevicollis, P. hilaris, C. f. saishutoicus, B. lampros, and P. dorsalis, respectively (Daly and Ryan 1979; Dai and Honda 1990; Kim and Yamasaki 1996; Merivee et al. 2000 Merivee et al. , 2001 . They are one of the most abundant types of sensilla on the antennae of these and many other beetles. SC3 are distributed on the segments and cover the whole surface of the antenna in many beetles. Ultrastructural evidence in the ground beetle N. brevicollis suggested that the most probable function of these sensilla is mechanoreception (Daly and Ryan 1979) . The predominance of SC3 in L. arcuata and L. aethiops indicates that antenna play a key role in mechanoreception.
Sensilla basiconica of L. arcuata and L. aethiops are similar in morphology to those described on the antennal ßagellum of several coleopteran species. SB1 of L. arcuata and L. aethiops resemble the "stout sensilla basiconica" in the longicorn beetles M. notatus and M. scutellatus (Dyer and Seabrook 1975) , "sensilla basiconica type II" in P. dorsalis (Dai and Honda 1990) , "Sensilla basiconica type I" in the click beetle Limonius aeruginosus (Olivier) (Merivee et al. 1998) , "Sensilla basiconica type II" in Phoracantha semipunctata F. (Lopes et al. 2002) , and "Sensilla basiconica type II" in Callosobruchus chinensis (L.) and Callosobruchus maculatus (F.) (Hu et al. 2009 ). Although SB2 of L. arcuata and L. aethiops look like the "thin sensilla basiconica" in the longicorn beetles M. notatus and M. scutellatus (Dyer and Seabrook 1975) , "Sensilla basiconica type I" in P. dorsalis (Dai and Honda 1990) , "Sensilla basiconica type II" in L. aeruginosus (Merivee et al. 1998) , "Sensilla basiconica type I" in P. semipunctata (Lopes et al. 2002) , and "Sensilla basiconica type I" in C. chinensis and C. maculatus (Hu et al. 2009 ). The cuticular wall of SB1 and SB2 bear numerous pores (Figs. 3B and D and 7B and D) . SB1 and SB2 should correspond to the "thin-walled" (Slifer 1970 ); "single-walled, wall pore sensilla" (Altner and Prillinger 1980) ; and "multiporous chemosensilla" (Zacharuk 1980) . SB bear structural features such as a nonßexible base; a thin, multiporous cuticular wall; a pore-tubule system; and branched dendritic segments (Zacharuk 1980) . The numerous pores and branched dendrites are traditionally considered to be evidence that these SB function as olfactory receptors Prillinger 1980, Zacharuk 1985) . Based on the ultrastructure observed by SEM, SB1 and SB2 are inferred as the olfactory receptors in L. arcuata and L. aethiops. The clusters of SB1 are located on the distal part of the ßagellomeres (Fig. 4A) . Clusters of olfactory sensilla basiconica also have been identiÞed in other coleopteran species, including M. notatus and M. scutellatus (Dyer and Seabrook 1975) ; Hypera meles (F.) (Smith et al. 1976) ; P. dorsalis (Dai and Honda 1990) ; Phyllotera cruciferae (Goeze), Psylloides punctulata Melsh, Epitrix cucumeris (Harris), Psylloides affinis (Payk) (Ritcey and McIver 1990) ; and Geotrupes auratus Motsculsky and Copris pecuarius Lewis (Inouchi et al. 1987) . It has been inferred that such olfactory sensilla clusters function as sensory Þelds (Dyer and Seabrook 1975) and may compose an enlarged odor-sensing area that wound be advantageous for long-distance olfactory detection (Inouchi et al. 1987) .
A sexual dimorphism in number of SB2 of L. arcuata and L. aethiops was found in this study. The average number of SB2 on the antennae of the male beetle signiÞcantly surpassed that on the antennae of the females (9,870.4 Ϯ 433.2 and 4,601.9 Ϯ 204.8 pegs vs. 10,173.6 Ϯ 505.6 and 5,742.0 Ϯ 355.9 pegs, respectively). This sexual dimorphism also manifested in the number of sensilla basiconica of L. aeruginosus (Merivee et al. 1998) , Melanotus villosus (Fourcroy) (Merivee et al. 1999) , and C. chinensis and C. maculatus (Hu et al. 2009 ). We postulate that this type of sensillum on the male antennae is responsible for the reception of the sex pheromone produced by the females. In P. semipunctata, no sexual dimorphism was found. Ultrastructural and electrophysiological evidence in P. semipunctata indicated that the ßagellar sensilla basiconica of type I and II play a functional role in olfactory recognition of plant odors (Lopes et al. 2002) .
The appearance and small number of sensilla basiconica (SB3) of L. arcuata and L. aethiops are similar with "sensilla basiconica type VII" in the click beetle Agriotes obscurus L. (Merivee 1992) , "sensillum styloconicum" in the cigarette beetle (Okada et al. 1992) , "double-walled sensilla" in Ips typographus (L.) (Hallberg 1982) , and "sensilla basiconica II" in the ladybird beetle Semiadalia undecimnotata Schneider (Jourdan et al. 1995) . SB3 are smooth at the base and bear grooves from the middle to the top (Figs. 4C and 8B ). Sensilla without Values are mean number of different types of sensilla on each antennal segment (n ϭ 5 antennae per sex). SC1, sensilla chaetica 1; SC2, sensilla chaetica 2; SC3, sensilla chaetica 3; ST, sensilla trichoid; BB, Bö hm bristles. Total numbers for each sensilla type having different letters are signiÞcantly different between male and female (P Ͻ 0.05; t-test). Values are mean number of different types of sensilla on each antennal segment (n ϭ 5 antennae per sex). SB1, sensilla basiconica 1; SB2, sensilla basiconica 2; SB3, sensilla basiconica 3; SB4, sensilla basiconica 4. Total numbers for each sensilla type having different letters are signiÞcantly different between male and female (P Ͻ 0.05; t-test).
pores are either mechanosensitive or thermo-/hygrosensitive Prillinger 1980, Keil 1999) . The putative function of these uniporous and sparse sensilla is hygro-or thermo-reception inferred from the ultrastructural evidence (Altner et al. 1981 , Hallberg 1982 .
Sensilla basiconica (SB4) located on the Þrst ßag-ellomere of L. arcuata and L. aethiops are very similar to the "sensilla basiconica type 4" of the ground beetle B. lampros (Merivee et al. 2000) and "sensilla basiconica type 3" of the ground beetle P. dorsalis (Merivee et al. 2001) . In this study, we did not detect pores or grooves in the cuticle of SB4 (Figs. 4E and 8D ). Electrophysiological and behavioral experiments are needed to conÞrm their function.
The BB located on the intersegmental joints between the scape and the head and between the scape and the pedicel in L. arcuata and L. aethiops are similar to those of "sensilla basiconica type 2" of N. brevicollis (Daly and Ryan 1979) , "Bö hm sensilla" of B. lampros (Merivee et al. 2000) , "sensilla basiconica type 5" of P. dorsalis (Merivee et al. 2001) , and "sensilla basiconica type 6" of B. properans (Merivee et al. 2002) , and probably in all other coleopteran species as well. The location of BB on the scape and pedicel only suggests that these might be mechanoreceptors (Schneider 1964 , Zacharuk 1985 . Concentration of BB at the intersegmental joints between the scape and the head as well as between the scape and the pedicel, in many insects, indicates that these sensilla probably perceive the antennal position and movements. Electrophysiological experiments on the honey bee, Apis mellifera L., antenna showed that these sensilla are demonstrated to be phasic-tonic mechanoreceptors (Schneider 1964) . The structure of their wide articular socket, and their location only on the joints of the antenna in the basal part of the scape and pedicel suggests that they function as propriocepors perceiving the antennal position and movements.
The presence of sensilla coeloconica and sensilla campaniformia typically found on other coleopteran insects (Jourdan et al. 1995 , Merivee et al. 1998 were not found on L. arcuata and L. aethiops.
Future functional antennal morphology and anatomy studies are needed to conÞrm the proposed functions of the sensillum identiÞed in this study. These results provide necessary background information for our ongoing study on electrophysiology and chemical ecology of L. arcuata and L. aethiops. Values are mean number of different types of sensilla on each antennal segment (n ϭ 5 antennae per sex). SC1, sensilla chaetica 1; SC2, sensilla chaetica 2; SC3, sensilla chaetica 3; ST, sensilla trichodea; BB, Bö hm bristles. Total numbers for each sensilla type having different letters are signiÞcantly different between male and female (P Ͻ 0.05; t-test). Values are mean number of different types of sensilla on each antennal segment (n ϭ 5 antennae per sex). SB1, sensilla basiconica 1; SB2, sensilla basiconica 2; SB3, sensilla basiconica 3; SB4, sensilla basiconica 4. Total numbers for each sensilla type having different letters are signiÞcantly different between male and female (P Ͻ 0.05; t-test).
